Abstract Several experiments sustain healthful benefits of the flavanone naringenin (Nar) against chronic diseases including its protective effects against estrogen-related cancers. These experiments encourage Nar use in replacing estrogen treatment in post-menopausal women avoiding the serious side effects ascribed to this hormone. However, at the present, scarce data are available on the impact of Nar on E2-regulated cell functions. This study was aimed at determining the impact of Nar on the estrogen receptor (ERa and b)-dependent signals important for 17b-estradiol (E2) effect in muscle cells (rat L6 myoblasts, mouse C2C12 myoblasts, and mouse skeletal muscle satellite cells). Dietary relevant concentration of Nar delays the appearance of skeletal muscle differentiation markers (i.e., GLUT4 translocation, myogenin, and both fetal and slow MHC isoforms) and impairs E2 effects specifically hampering ERa ability to activate AKT. Intriguingly, Nar effects are specific for E2-initiating signals because IGF-Iinduced AKT activation, and myoblast differentiation markers were not affected by Nar treatment. Only 7 days after Nar stimulation, early myoblast differentiation markers (i.e., myogenin, and fetal MHC) start to be accumulated in myoblasts. On the other hand, Nar stimulation activates, via ERb, the phosphorylation of p38/MAPK involved in reducing the reactive oxygen species formation in skeletal muscle cells. As a whole, data reported here strongly sustain that although Nar action mechanisms include the impairment of ERa signals which drive muscle cells to differentiation, the effects triggered by Nar in the presence of ERb could balance this negative effect avoiding the toxic effects produced by oxidative stress.
Introduction
In recent years, plant-derived polyphenols, in particular flavonoids, deserved particular attention being associated with healthful benefits against chronic diseases (Shulman et al. 2011; Crozier et al. 2009 ). Examples of such polyphenols are resveratrol in red wine and epigallocatechin in green tee (Bengmark et al. 2009 ). One of the most abundant bioactive flavonoids is the glycoside naringin, responsible for the bitter taste in grapefruit, which is hydrolyzed to naringenin (4,5,7-trihydroxy-flavanone-7 rhamnoglucoside, Nar) by the gut flora prior to being absorbed by enterocytes. Naringenin protective effects have been widely studied: antioxidant effects (Renugadevi and Prabu 2009) , modulation of cytochrome P450 detoxification enzymes (Huong et al. 2006) , modulation of plasma cholesterol levels (Jeon et al. 2007) , and antihyperglycemic effects (Jung et al. 2004 ) have been reported. In addition, several experimental data support anticarcinogenic and pro-apoptotic effects of Nar in numerous types of cancer (Arul and Subramanian 2013; Meiyanto et al. 2012; Weng and Yen 2012) . Most of these effects have been obtained by using variable Nar concentrations ranging from 1 to 100 lM. We recently reported that Nar concentrations (1-10 lM), achievable in human plasma after a meal rich in flavonoids (i.e., tomatoes, oranges, and grapefruit juice typical of Mediterranean diet), exert protective pro-apoptotic effects against estrogen-related cancers (Galluzzo and Marino 2006; Bulzomi et al. 2012 Bulzomi et al. , 2010 . Nar binds to both estrogen receptors (i.e., ERa and ERb) (Kuiper et al. 1998; Bulzomi et al. 2012 ) and acts as a mimetic of 17b-estradiol (E2), the most active among estrogens, activating a pro-apoptotic cascade in the presence of ERb subtype Galluzzo and Marino 2006; Marino et al. 2012) . On the other hand, Nar selectively impairs the membrane-initiating signals of ERa subtype important for cell cycle progression (Virgili et al. 2004; Galluzzo and Marino 2006; Galluzzo et al. 2008; Marino et al. 2012) .
As a whole, these data suggest that Nar could potentially replace the actions of E2. However, E2 effects in mammals include the regulation of growth and differentiation of several organs and tissues influencing the whole homeostasis maintenance in both male and female organisms (Thomas and Gustafsson 2011) . Thus, Nar ability to interfere with ER activities raises some concerns on the putative unhealthy side effects of this flavonoid. In addition, ERa and ERb could be co-expressed within the same organ rendering very difficult to predict the Nar interference on E2 effects. An example is represented by differentiating skeletal muscle.
Although adult skeletal muscle is a stable tissue, it possesses the remarkable ability to rapidly recover and regenerate following injury (Thomas and Gustafsson 2011; Hawke and Garry 2001) . In response to injury, undifferentiated satellite cells are activated from a quiescent state and proliferate as myoblasts. Myoblasts, in turn, are withdrawn from the cell cycle and differentiate re-expressing myogenic regulatory factors (MRFs, namely MyoD, Myf5, myogenin, and MRF4) as well as embryonic myofibrillar genes (e.g., the fetal isoform of myosin heavy chain, fMHC). Finally, differentiated myoblasts fuse to form the multinucleated mature muscle fibers, thus contributing to skeletal muscle regeneration (Hawke and Garry 2001; Trapani et al. 2012) .
Several endocrine factors, including sex steroid hormones, can influence muscle cell differentiation throughout life via their cognate receptors. In particular, many studies have demonstrated sex differences in skeletal muscle response to injury and in the indices of skeletal muscle damage, inflammation, and repair that are largely attributable to E2 (Bar et al. 1988; McClung et al. 2006) . Skeletal muscle expresses both ERs, and in rodents, ERb is the predominant subtype (Barros and Gustafsson 2011; Galluzzo et al. 2009 ). ERb seems to participate to the E2-induced skeletal muscle regeneration after injury even if a suppressive role on glucose transporter (GLUT4) expression has been evidenced (Velders et al. 2012; Barros and Gustafsson 2011) . On the other hand, we recently reported that E2 only requires ERa-dependent rapid p38/MAPK and PI3 K/AKT activation to induce L6 myoblast differentiation (Galluzzo et al. 2009) . At the present, the impact of Nar on ERa-mediated skeletal muscle cell differentiation is unknown. This study was aimed at determining the impact of the flavonoid Nar on E2-induced differentiation in skeletal muscle cells. Rat L6 myoblasts, mouse C2C12 myoblasts, and mouse satellite cells were used as experimental models.
Materials and methods

Reagents
17b-Estradiol (E2), naringenin (Nar), insulin-like growth factor I (IGF-I), actinomycin, cycloheximide, gentamicin, penicillin, 'Dulbecco's modified Eagle's medium' (DMEM) (without phenol red), F-10 Ham (N6908), charcoal-stripped fetal calf serum, and the palmitoyl acyltransferase (PAT) inhibitor 2-bromohexadecanoic acid (2-Br) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The ER inhibitor ICI 182,780, the ERa selective agonist, PPT (4,4 0 ,4 00 -(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol), the ERb selective agonist, DPN (2,3-bis(4-hydroxyphenyl)-propionitrile), and the ERb selective antagonist, THC ((R,R)-5, 11-diethyl-5,6,11,12-tetrahydro-2,8-chrysenediol) were obtained from Tocris (Ballwin, MO, USA). The AKT inhibitor, the extracellular regulated kinase (ERK) inhibitor, PD 98059, and the p38 inhibitor, SB 203580, were obtained from Calbiochem (San Diego, CA). Bradford protein assay was obtained from Bio-Rad Laboratories (Hercules, CA, USA). The antiphospho-ERK, anti-AKT, anti-ERK, anti-ERa M20 (N-terminus), antiERb H150, and anticaspase-3 antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antiglucose transporter type 4 (Glut-4), antimyogenin, and antifetal myosin heavy chain (fetal MHC) were purchased from Abcam (Cambridge, UK). Antifast MHC MY-32 and antislow MHC NOQ7.5.4D were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-b-tubulin was purchased from MP Biomedicals (Solon, OH, USA). The polyclonal antiphospho-AKT, antiphospho-p38, and antip38 antibodies were purchased from New England Biolabs (Beverly, MA, USA). The CDP-Star, chemiluminescence reagent for Western blot was obtained from NEN (Boston, MA, USA). All the other products were from SigmaAldrich (St. Louis, MO, USA). Analytical or reagent grade products, without further purification, were used.
Cell culture and cell cycle analysis Rat myoblast L6 cells (ATCC, Manassas, VA) and mouse myoblasts C2C12 (a generous gift of Prof. Daniela Caporossi, IUSM, Rome Italy) were routinely grown in 5 % CO 2 in phenol red-free DMEM medium containing 10 % (v/v) charcoal-stripped fetal calf serum, L-glutamine (2.0 mM), gentamicin (10.0 lg/ml), and penicillin (100.0 U/ml). Cells were passaged every 2 days. Mouse adult primary satellite cells (a generous gift of Dr. Marco Crescenzi, ISS, Rome, Italy) were grown on gelatin-coated dishes in 77 % nutrient mixture F-10 Ham with gentamicin (10.0 lg/ml), and penicillin (100.0 U/ml), 20 % fetal bovine serum, 3 % chicken embryo extract (prepared in Hank's Balanced Solution), and 2.5 ng/ml basic fibroblast growth factor (Peprotech, Rocky Hill, NJ).
For differentiation, satellite cells were seeded at high density (2.5 9 10 5 ) in gelatine-coated 35 mm dishes, and after cell adhesion, growth medium was replaced with DMEM with gentamicin (10.0 lg/ml), penicillin (100.0 U/ml), and 10 % fetal bovine serum. Medium was changed every 24 h (Trapani et al. 2012 ). L6 and C2C12 undifferentiated myoblasts were treated with differentiation medium containing 2 % (v/v) charcoal-stripped fetal calf serum; myotubes were obtained 7 day after serum concentration reduction (Galluzzo et al. 2009 ).
In differentiation, medium cells were simultaneously treated either with vehicle (ethanol/PBS 1:10, v/v) or with different E2 concentrations or different concentration of Nar or PPT (final concentration, 10 nM) or DPN (final concentration, 10 nM) or IGF-I (final concentration, 100 ng/ml) or T (final concentration, 1 nM) or DHT (final concentration, 1 nM). Cells were harvested 6, 24, 48, and 72 h or 7 days after treatment with differentiation medium. When indicated, the antiestrogen ICI 182,870 (final concentration 1 lM), the AKT inhibitor (final concentration 1 lM), the p38 inhibitor, SB 203580 (final concentration 5 lM), and the ERb inhibitor, THC (final concentration 1 lM) were added 30 min before E2 or Nar or IGF-I administration.
L6 myoblasts were harvested with trypsin 24, 48, and 72 h after treatment and fixed with 1 ml ice-cold 70 % ethanol and subsequently stained with 2 mg/ml DAPI/PBS solution. The fluorescence of DNA was measured with DAKO Galaxyflow cytometer equipped with HBO mercury lamp, and the percentage of cells present in sub-G1 phase was calculated using FloMax Ó Software.
Measurements of reactive oxygen species (ROS)
L6 myoblasts were grown to *70 % confluence, harvested, and then re-suspended in PBS with 10 lM dichlorodihydrofluorescein diacetate (DCF; Molecular Probes, Eugene, OR, USA) for 30 min at 37°C in the dark. After additional 30 min, to allow the equilibrium, the fluorescence was measured under continuous gentle magnetic stirring at 37°C in a PerkinElmer LS-50B spectrofluorimeter. Excitation wavelengths were set at 498 nm and emission at 530 nm, respectively. Cells were treated with 600 lM H 2 O 2 (final concentration) in the presence of either E2 (final concentration, 10 nM) or Nar (final concentration, 1 lM) or vehicle or PPT (final concentration, 10 nM) or DPN (final concentration, 10 nM) for 15 min, and fluorescence was registered as arbitrary unit. In some experiments, the p38 inhibitor, SB 203580 (final concentration 5 lM), and the ERb inhibitor, THC (final concentration 1 lM) were added 30 min before E2 or Nar or IGF-I administration.
Protein analysis
Protein profiles were analyzed by Western blotting as previously described (Bulzomi et al. 2012) . In some experiments, cells were homogenized by using Teflon pestle homogenizer; homogenates were centrifuged at 1,0009g for 10 min to pellet the nuclear fraction. Membrane-rich fractions were obtained by centrifuging the supernatants at 100,0009g for 30 min. Proteins from membrane-rich fraction and from total lysate were then solubilized as described above (Galluzzo et al. 2009 ). Briefly, 20 lg of protein from lysates were resolved by 7 % SDS-PAGE at 100 V for 60 min. The proteins were subsequently electrophoretically transferred to nitrocellulose for 90 min at 100 V. The nitrocellulose membrane was blocked at room temperature with 3 % BSA in Trisbuffered saline (138 mM NaCl, 27 mM KCl, 25 mM TrisHCl, 0.05 % Tween-20, pH 6.8) and probed at 4°C overnight with primary antibodies followed by Trapani et al. (2012) incubation for 1 h with secondary antibodies. The nitrocellulose membrane was probed and then reprobed with anti-b-tubulin or anticaveolin-1 antibodies to normalize total lysate or membrane fractions, respectively. Bound antibodies were visualized using enhanced chemoluminescence detection. All images derived from Western blotting were analyzed with ImageJ (NIH, Bethesda, MD) software for Windows. Each reported value was derived from the ratio between arbitrary units obtained by the protein band and the respective tubulin or caveolin-1 band.
Statistical analysis
Data are expressed as mean ± SD. The difference in parameters was statistically tested for significance with one-way ANOVA followed by Tukey-Kramer post test using GraphPad Instat3 (GraphPad software, Inc., La Jolla, CA) software for Windows. P \ 0.05 was considered statistically significant.
Results
Nar effects on skeletal muscle cell differentiation markers
As expected, ERb is the predominant receptor subtype in growing rat L6 myoblasts (Galluzzo et al. 2009 ). However, the induction of myoblast differentiation by serum withdrawal is paralleled by an increase of ERa levels, which remain high until 72 h (supplemental figure 1A) . In spite of the variation in the ER subtype levels, neither E2 (10 nM) nor Nar (1 lM) modifies the distribution of myoblasts in the cell cycle at any of the tested times (supplemental figure 1B) or activate the cleavage of caspase-3, the effector of apoptosis (17 kDa band, supplemental figure 1C) until 72 h after serum reduction. These data sustain that none of the tested compounds modify myoblast proliferation or apoptosis. On the other hand, just 6 h after serum removal, the levels of myogenin (Myo, a wellknown marker of myoblast differentiation) (Hawke and Garry 2001; Trapani et al. 2012 ) increase, and the levels of this protein are further enhanced in myoblasts treated with 10 nM E2 (Fig. 1a, c) . In line with the differentiative effect of E2 already reported in growing L6 cells (Galluzzo et al. 2009 ), 24 h after serum removal the hormone, the level of the fetal isoform of myosin heavy chain (MHC, a contractile protein marker of skeletal muscle differentiation) doubled over the control (Fig. 1b, c) . In contrast, Nar stimulation did not modified Myo or fetal MHC level up to 48 h of stimulation (Fig. 1b, c) . A similar effect was reported also for the glucose transporter GLUT-4, a metabolic marker (Fig. 1d) . Indeed, only E2 increased the translocation of GLUT-4 to the plasma membrane just 15 min after hormone treatment (Fig. 1d) . The E2-induced increase of skeletal muscle differentiation (i.e., Myo and fetal MHC) and metabolism (i.e., GLUT-4) markers, after 48 h of stimulation, was dose-dependent with a maximum detected from 0.1 nM to 10 nM for Myo (Fig. 2a, d ), 1 nM to 10 nM for fetal MHC (Fig. 2b, d) , and 1 nM to 1 lM for GLUT-4 translocation (Fig. 2c, d ), respectively. Notably, Nar had no effect either on Myo and fetal MHC levels or on GLUT-4 translocation at any of the tested concentrations (Fig. 2) . However, Nar stimulation (0.1-10 lM) in the presence of an E2 background (10 nM) completely reduced the hormone effects on differentiation marker levels (Fig. 3a, b ) in L6 cells, suggesting that Nar could antagonize the E2 effects in rat L6 myoblasts.
This antagonistic effect of Nar was also confirmed in mouse satellite cells and C2C12 myoblasts. Satellite cells recapitulate several mechanisms of skeletal muscle regeneration and differentiation. Regenerating muscles initially express MHCs that are typical of developing muscle, such as fetal MHCs, but soon they start to express adult isoforms of MHCs (i.e., fast and slow MHC), which identify terminally differentiated myofibers (Zammit et al. 2006; Ciciliot and Schiaffino 2010) . This MHC switch is a default program, which also occurs in the absence of the innervation (Ciciliot and Schiaffino 2010) . Western blot analyses confirmed the presence of both ER subtypes in satellite cells (Supplemental figure 2A) and revealed that, after 24 h of differentiation stimuli, these cells present higher levels of Myo and fetal MHC (Supplemental figure 2B and 2C ) with respect to L6 myoblasts (see Fig. 1 ). After 48 h of serum withdrawal, the levels of Myo and fetal MHC decreased to disappear 72 h after stimuli, with the contemporary increase of fast and slow MHC isoform levels (Supplemental figure 2B and 2C) . Interestingly, E2 treatment (10 nM, 72 h) specifically increased the slow MHC isoform without any effect on fast MHC isoform (Supplemental figure 2B and 2C ). This E2 effect is mimicked by 10 nM of ERa agonist PPT but not by the ERb agonist DPN (10 nM) (Supplemental figure D) demonstrating that, like in L6 myoblasts (Galluzzo et al. 2009 ), ERa is the receptor subtype involved in E2 effects in satellite cells. Although Nar alone (1 lM, 72 h) did not exert any effect on the level of slow and fast MHC isoforms (Fig. 4a) , Nar and E2 co-treatment impaired E2 effect on slow MHC level (Fig. 4a) . Similar effect of Nar (1 lM, 48 h) was reported in C2C12 mouse myoblasts (Fig. 4b) sustaining the antagonistic role of this flavonoid in satellite cells and rat and mouse myoblasts.
As a whole, these data suggest that Nar delays the skeletal muscle differentiation marker appearance and acts as an E2 antagonist impairing the hormone-induced differentiative effects. This assumption prompted us to verify the long-term Nar and E2 effects on skeletal muscle differentiation markers. As expected from the data of satellite cells (Supplemental figure 2), E2 stimulation (10 nM, 7 days) of L6 myoblasts did not modify the level of either Myo or fetal MHC, although the hormone still increased slow MHC isoform. Intriguingly, a longer stimulation with Nar (1 lM, 7 days) significantly increased both early Fig. 2 Dose response effects of E2 and Nar effect on differentiation markers in L6 cells. a, b, and c, The typical western blots of E2 and Nar dose-dependent (ranging from 10 -10 to 10 -6 M) effects on myogenin, Fetal MHC levels (24 h of stimulation) and on GLUT-4 translocation to the plasma membrane (30 min of stimulation), respectively. d shows the related densitometric analyses. The amount of proteins was normalized by comparison with tubulin (a and b) or cav-1 (c) levels. Data are the mean of 3 different experiments ± SD. *P \ 0.001 was calculated with ANOVA followed by TukeyKramer post test with respect to control samples differentiation markers (i.e., Myo and fetal MHC) even in the presence of E2 (Fig. 5a ) without any effect on the late differentiation marker (i.e., slow MHC), while this flavonoid still impaired E2-induced increase of slow MHC. The Nar-induced fetal MHC level requires ER being completely prevented by the pre-treatment with the pure ER inhibitor, ICI 182,870 (1 lM) (Fig. 5b) .
Nar action mechanisms in L6 cells
As previously reported (Galluzzo et al. 2009 ), E2-induced differentiation in proliferating L6 cells requires ERamediated AKT and p38 MAPK activation, which, in turn, are necessary for the rapid GLUT-4 plasma membrane translocation and for Myo and fetal MHC increase. Here, we confirm that in differentiating L6 myoblasts, ERa is also necessary for the E2-induced rapid (15 min) activation of both AKT and p38, whereas the ERb agonist, DPN, just activates p38 without any effect on AKT phosphorylation (Supplemental figure 3). Thus, it is possible that the Nar effects in delaying differentiation rely on the inhibition of AKT and p38 activation. In order to verify this hypothesis, L6 cells were stimulated with Nar, E2 and IGF-I, a wellknown muscle trophic factor. As shown in Fig. 6a, b , both E2 and IGF-I rapidly increased (15 min) AKT phosphorylation, whereas Nar did not modify the phosphorylation status of this kinase, but this flavonoid specifically prevented the ability of E2 to activate AKT without any effect on IGF-I-induced AKT activation (Fig. 6a-c) . In line with this result, both E2 and IGF-I increased the translocation of GLUT-4 at the plasma membrane (30 min) (Fig. 6d) . In addition, cell pre-treatment with AKT inhibitor completely prevented both E2-and IGF-I-induced GLUT-4 translocation to the plasma membrane (Fig. 6e) , confirming the pivotal role of this pathway in this event. Intriguingly, no change in GLUT-4 plasma membrane translocation was observed upon Nar stimulation, whereas, only in the presence of E2, Nar completely prevented AKT phosphorylation and GLUT-4 translocation (Fig. 6a, d ), suggesting that Nar specifically hampers ERa-mediated AKT phosphorylation.
On the other hand, Nar activated, as well as E2, p38 phosphorylation even in the presence of E2 (Fig. 7a) . L6 cell pre-treatment with the p38 inhibitor (SB 203580 5 lM) prevented E2-and IGF-induced Myo and MHC increase (Fig. 7b) , confirming the involvement of this kinase in E2-and IGF-induced Myo and MHC increase. However, the lack of Myo and MHC increase in Narstimulated cells indicate that p38 alone is not sufficient to lead L6 cell to differentiation. Indeed, AKT activation is also requested for the expression of these skeletal muscle differentiation markers as demonstrated by pre-treatment with AKT inhibitor (Fig. 7c) . As consequence, Nar only impaired E2-induced Myo and MHC (Fig. 7d ) levels in costimulation experiments, without affecting IGF-induced differentiation markers (Fig. 7d) .
As a whole, these data demonstrate the specific ability of Nar to hamper E2-induced L6 cell differentiation by preventing the ERa-mediated AKT phosphorylation.
Nar effect on ERb-mediated functions in L6 myoblasts
Reactive oxygen species (ROS) production physiologically occurs in resting and contracting muscle as well as during skeletal muscle differentiation as a by-product of mitochondrial respiration. However, when ROS levels overwhelm the endogenous antioxidant defense systems (Ji 2001) , the resulting oxidative stress inhibits myoblast differentiation. P38 MAPK mediates oxidative stress-sensitive cell signaling pathways in several tissues including skeletal muscle (Powers et al. 2010) . The evidence that both E2 and Nar, described as strong antioxidant (Tiidus et al. 2005) , rapidly activates p38 prompted us to evaluate Nar effect, in comparison with E2, on H 2 O 2 -induced ROS production and the contribution of each ER isoform in mediating this putative effect. L6 cells were exposed to H 2 O 2 (600 lM) for 15 min, and then, ROS generation was measured (Fig. 8a) . E2 (10 nM) or Nar (1 lM) stimulation for 24 h before H 2 O 2 addition caused a marked decrease in ROS generation (Fig. 8a) . E2 antioxidant effects were completely mimicked by the ERb selective agonists DPN, whereas the ERa selective agonist, PPT, was unable to prevent the ROS production (Fig. 8b) . Moreover, the pure antagonists of ERs, ICI, and the ERb selective antagonist, THC, completely prevented both E2-and Nar-induced decrease in ROS generation (Fig. 8b, c) . These data suggest that, like E2, ERb is involved in the Nar protective effect against H 2 O 2 -induced ROS production.
Discussion
In the present study, we report, for the first time, the ability of Nar to delay, without impeding, the differentiation of skeletal muscle cells preserving these cells from the cytotoxic effects of oxidative stress injury. The finding that 1 lM Nar protects skeletal muscle against oxidative stress could be of importance even in humans as consumption of orange or grapefruit juice (8 ml/kg body weight) increases up to 0.6 or 6 lM, respectively, the plasma Nar levels (Erlund et al. 2001; Zygmunt et al. 2010) . Thus, naringenin concentrations close to that could be reached in the plasma after a meal rich in citrus fruits (e.g., 1 lM) may play a significant role in skeletal muscle cells. Our results together with the recent observations that Nar can directly activate glucose uptake in cultured skeletal muscle (Zygmunt et al. 2010) as well as improve insulin action in skeletal muscle reduce plasma free fatty acid levels, and hepatic gluconeogenesis in fructose-fed insulin resistant rats (Kannappan and Anuradha 2010) sustains that skeletal muscle is a target tissue for this flavonoid. Conversely, contrasting effect of Nar on glucose transport in monocytes (Park 1999) , in human breast cancer cells (Harmon and Patel 2004) , and in rat adipocytes (Harmon and Patel 2003) has been reported, suggesting a tissue-specific effect for this flavanone. However, these differences may be also due to the Nar concentration used, ranging from 1 to 100 lM, and/or to the cell lines used in each study, which could differently metabolize Nar and could be supplied with diverse receptor pattern including estrogen receptors. Indeed, like other flavonoids, Nar is well known as an estrogenic and antiestrogenic substance in dependence from the subtype of ER presents Galluzzo et al. 2008; Kretzschmar et al. 2010; Amer et al. 2012; Swarnkar et al. 2012 ). In particular, our studies in cancer cells demonstrated that Nar hampers E2-related cancer cell progression by inhibiting the rapid ERa-dependent signal transduction pathways important for E2-induced cancer cell cycle progression Galluzzo et al. 2009 ). On the other hand, flavonoids act as E2 mimetic in the presence of ERb subtype Bulzomi et al. 2012) . Whether similar action mechanisms are also activated by Nar in noncancerous cells is completely unknown. Skeletal muscle differentiation represents a good experimental model to reach this aim in that it has been established that rodent (Barros et al. 2006; Galluzzo et al. 2009 ) and human (Lemoine et al. 2003; Wiik et al. 2003 Wiik et al. , 2009 ) skeletal muscles contain both functional ER subtypes.
Several studies indicate that E2 deficiency inhibits the muscle regeneration, and E2 supplementation enhances muscle mass and strength (Wust et al. 2008 ) accelerating skeletal muscles regeneration (McClung et al. 2006; Brown et al. 2005) . In addition, previous data from our laboratory show the ability of E2 to increase the levels of well-known skeletal muscle differentiation (i.e., Myo and fetal MHC) and metabolic (i.e., GLUT-4 translocation) markers in growing L6 rat myoblasts (i.e., 10 % serum) (Galluzzo et al. 2009 ). In good agreement with the literature (McClung et al. 2006; Brown et al. 2005; Thomas et al. 2010; Barros and Gustafsson 2011) , this E2 effect is dependent on the receptor subtype a signaling initiating at the plasma membrane (Galluzzo et al. 2009 ), although the involvement of ERb in the expression of satellite cell and muscle regeneration markers (i.e., MHC embryonic, MyoD, Pax7) after injury with a myotoxin (notexin) has been also reported (Velders et al. 2012) . Here, we also confirm this E2 effect in differentiating conditions. In fact, E2, like IGF-I, rapidly increases both the activation of AKT, linked to muscle development, regeneration, and hypertrophy (Lawlor and Rotwein 2000; Rommel et al. 2001; Sandri et al. 2004 ) and the p38/MAPK signaling pathway, which is crucial for the transcriptional control of skeletal muscle differentiation and for the fusion of myoblasts into myotubes (Lluis et al. 2006) . Although several studies suggest that the two pathways are parallel (Keren et al. 2006 ), present data demonstrate that p38 MAPK activation is not sufficient to enhance myoblast differentiation, highlighting the pivotal role of ERa-activated AKT in promoting E2-mediated myoblast differentiation.
Our results clearly indicate that Nar enhances Myo and fetal MHC levels only after long time of exposition (i.e., after 7 days), while Nar completely hampers E2 ability to induce myoblast and satellite cell differentiation. Notably, Nar does not prevent IGF-I-induced AKT activation, and in turn, it does not affect IGF-I-dependent differentiation.
These data strongly indicate that Nar, like in cancer cells Galluzzo et al. 2008) , specifically hampers ERa-mediated AKT activation and its downstream pathways (i.e., GLUT-4 translocation, Myo and MHC expression) without any direct effect on the kinase activity. In line with these results, the intake of prenylated metabolite of Nar (8-prenyl naringenin), full agonist on ERa and pronounced antagonist on ERb (Roelens et al. 2006) , accelerates AKT phosphorylation preventing muscle atrophy, promoting post-natal growth, and delaying the degradation of skeletal muscles in denervated mice (Mukai et al. 2012) . Intriguingly, no effect was reported by Nar intake on AKT activation and muscle recovery in the same mice (Mukai et al. 2012) .
However, despite of its antagonistic effects on E2:ERa complex-mediated differentiation, Nar does not impair muscle homeostasis and does not increase myoblast apoptosis. Our data demonstrate that Nar exerts a protective role on muscle, preventing ROS-induced damage. In muscle cells, ROS are continually generated. It is believed that these molecules have a well-established role as physiological modulators of skeletal muscle functions, including development, metabolism, and contractile functions. Moreover, studies in the past two decades suggest that, during strenuous muscle activity, in some pathological conditions or in aging, the generation of ROS in the skeletal muscle cells may be elevated to a level that overwhelms the antioxidant defense systems (Ji 1995 (Ji , 2001 and can contribute to the development of muscle fatigue, inflammation, and degeneration (Meydani et al. 1992) . When rat myoblasts were exposed to moderate or high intensity H 2 O 2 -induced oxidative stress for 1-6 h, cell death induction became evident and the activation of the apoptotic pathway could be evaluated 2 h after treatment (Caporossi et al. 2003) . Both E2 and Nar exert a protective effect on H 2 O 2 -induced ROS production via ERb activities.
According to these data, E2:ERb complex-mediated cytoprotection from oxidative stress has been reported also in ARPE cells (Giddabasappa et al. 2010) . As a consequence, our data strongly support that Nar-mediated skeletal muscle protection from ROS-induced oxidative stress depends on its ERb agonist activity rather than a free radical quenching compound activity.
As a whole, data reported here strongly sustain that although Nar action mechanisms include the impairment of ERa signals which drive muscle cells to differentiation, the protective effects triggered by Nar in the presence of ERb could balance this negative effect avoiding the toxic effects produced by oxidative stress. Very recently, it has been reported that chronic exposition to naringin (the precursor of naringenin) for 6 months was well tolerated in SpragueDawley rats and did not cause either lethality or toxic clinical symptoms and changes in both sexes (Li et al. 2014) . The authors propose that the no-observed-adverseeffect level (NOAEL) of naringin could be greater than 1,250 mg/kg/day following daily oral administrations. Using the body surface area normalization method, authors define that the dose of 1,250 mg/kg naringin in rat corresponds to 12 g/60 kg in humans (Li et al. 2014) . Certainly, more experiments are needed to verify naringin and Nar effects in humans; in particular, the Nar bio-availability, the Nar concentration in the human blood that could be different in dependence on citrus-derived juices ingestion as daily or occasionally consumed, and the Nar metabolism that could produce active metabolites as already described for other flavonoids (Totta et al. 2005 ) are all necessary data to better define the effects of Nar on human health. Until then, our data obtained in cultured skeletal muscle cells open a new field of investigation indicating the role of Nar in the modulation of skeletal muscle differentiation.
